Streptococcus pyogenes is a bacterium that causes systemic diseases such as pharyngitis and toxic shock syndrome. S. pyogenes produces molecules that inhibit the function of the human immune system, thus allowing growth and spread of the pathogen in tissues. It is known that S. pyogenes CAMP factor induces vacuolation in macrophages; however, the mechanism remains unclear. In the current study, the mechanism by which CAMP factor induces vacuolation in macrophages was investigated. CAMP factor was found to induce calcium ion uptake in murine macrophage RAW264.7 cells. In addition, EDTA inhibited calcium ion uptake and vacuolation in the cells. The L-type voltage-dependent calcium ion channel blockers nifedipine and verapamil reduced vacuolation. Furthermore, the phosphoinositide 3-kinase inhibitors LY294002 and wortmannin also inhibited the vacuolation induced by CAMP factor. Fluorescent microscopy revealed that clathrin localized to the vacuoles. These results suggest that the vacuolation is related to calcium ion uptake by RAW264.7 cells via L-type voltage-dependent calcium ion channels. Therefore, it was concluded that the vacuoles induced by S. pyogenes CAMP factor in macrophages are clathrin-dependent endosomes induced by activation of the phosphoinositide 3-kinase signaling pathway through calcium ion uptake.
of phagocytosis by neutrophils (5) . Sda1 suppresses the innate immune response by inhibiting TLR 9-dependent recognition and bactericidal activity of macrophages (6) . Evasion of the innate immune system enables S. pyogenes to invade tissues (7) (8) (9) (10) (11) and proliferate.
CAMP factor was first identified by Christie et al. as a co-hemolyzed protein that enhances hemolysis caused by Streptococcus agalactiae and Staphylococcus aureus (12) . CAMP factor is secreted by several bacteria, including S. pyogenes (13) , S. agalactiae (14) and Propionibacterium acnes (15) , all of which share high sequence homology of the genes of each CAMP factor. Lang et al. has reported that S. agalactiae CAMP factor is a pore-forming toxin that creates pores in sheep erythrocyte membranes pretreated with sphingomyelinase and oligomerizes on liposome membranes in vitro (16) . In contrast, we have reported that S. pyogenes CAMP factor forms vacuoles in macrophages without killing them and attenuates phagocytic activity (17) ; however, the mechanisms for and characteristics of vacuolation are unknown. Therefore, we here examined and characterized the vacuolation induced by CAMP factor of S. pyogenes in macrophages.
MATERIALS AND METHODS

Bacteria
Invasive S. pyogenes clinical strain SSI-9 (serotype M1) was isolated from a wound of a patient with streptococcal toxic shock syndrome and grown in Todd Hewitt broth (Becton Dickinson, Franklin Lakes, NJ, USA) supplemented with 0.2% yeast extract (Becton Dickinson) at 37°C.
Cells
RAW264.7 cells (mouse monocyte-macrophages) were obtained from DS Pharma Biomedical (Osaka, Japan) and grown in Dulbecco's modified Eagle's media (Wako, Osaka, Japan) supplemented with 10% heat-treated FBS (Japan Bio Serum, Hiroshima, Japan), 100 U/mL penicillin and 100 mg/mL streptomycin (Wako) at 37°C in 95% air and 5% CO 2 .
Materials
A rabbit antibody against clathrin was purchased from Abcam (Cambridge, UK); EDTA from Tokyo Chemical Industry (Tokyo, Japan); nifedipine, verapamil and flunarizine from Merck Millipore (Darmstadt, Germany); LY294002 and wortmannin from Cell Signaling Technology (Danvers, MA, USA); U73122 from Santa Cruz Biotechnology (Dallas, TX, USA); SH-5, KN-93 and Pitstop 2 from Abcam; and calcium chloride from Wako.
Purification of rCAMP factor
Recombinant CAMP factor was prepared as described previously (17) . The rCAMP factor expression plasmid was constructed using a pGEX-6P-1 vector (GE Healthcare, Little Chalfont, UK). The pGEX-6P-1 vector containing the CAMP-like factor autotransporter gene (cfa) was transformed into Escherichia coli strain Able-K (Stratagene, La Jolla, CA, USA) by a heat shock method. The Able-K transformants were allowed to express rCAMP factor by being grown in LB broth (Nacalai Tesque, Kyoto, Japan) supplemented with 100 mg/mL ampicillin (Meiji Seika, Tokyo, Japan) to select for the pGEX-6P-1 vector. The rCAMP factor protein was purified using glutathione-sepharose 4B (Stratagene) and the glutathione S-transferase tag cleaved with PreScission Protease (GE Healthcare). The purified rCAMP factor protein was dialyzed against GTBS. The amount of LPS in 1 mg of purified rCAMP factor protein was determined to be less than 2 pg by using a ToxinSensor Chromogenic LAL Endotoxin Assay Kit (Genscript, Piscataway, NJ, USA). The GenBank accession number for cfa gene of S. pyogenes (serotype M1) is NP_269402. 
Cell vacuolation assay
Calcium ion uptake assay
RAW cells (1 Â 10 5 cells/2 mL) were seeded into a filmbottom dish (Ikemoto Scientific Technology, Tokyo, Japan) and incubated with 4 mM of the calcium indicator Fluo3-AM (Dojindo, Kumamoto, Japan) at 37°C for 30 min. The cells were washed with PBS and pre-treated with 1 mM of EDTA or calcium ion channel blocker (50 mM of nifedipine or verapamil) at 37°C for 30 min. The pre-treated cells were then incubated with rCAMP factor (5 mg/mL) containing 2 mM CaCl 2 at 37°C for the indicated times. Cells stained with Fluo3-AM were counted under fluorescence microscopy and the fluorescence intensity per cell calculated.
Fluorescent microscopy assay
RAW cells were seeded into film-bottom dishes at a density of 1 Â 10 5 cells per dish and then incubated with GTBS or rCAMP factor (5 mg/mL) at 37°C for 24 hr. The cells were then fixed with 4% paraformaldehyde (Nacalai Tesque), permeabilized with PBS containing 0.5% Triton X-100 (Nacalai Tesque) and incubated with primary rabbit anti-clathrin antibody (1:200). The cells were then washed with PBS and incubated with Alexa Fluor 488 conjugated goat anti-rabbit IgG (1:200; Abcam). Nuclei and actin were stained with DAPI (1:1000; Dojindo) and the cells were examined under a confocal laser scanning microscopy.
Statistical analysis
All assays were performed in triplicate as independent experiments. Most of the presented data are expressed as the mean AE SE. Mean values were compared using Dunnett's t-test or one-way anova and P values less than 0.05 considered to denote statistical significance.
RESULTS
EDTA and L-type voltage-dependent calcium ion channel blockers inhibit vacuole formation induced by S. pyogenes CAMP factor in RAW cells
As shown in Figure 1 , pre-treatment with EDTA significantly decreased the ratio of vacuolated cells induced by rCAMP factor in RAW cells, as did pretreatment with L-type voltage-dependent calcium ion channel blockers nifedipine and verapamil. However, pre-treatment with T-type voltage-dependent calcium ion channel blocker flunarizine failed to inhibit vacuolation in RAW cells.
S. pyogenes CAMP factor promotes calcium ion uptake in RAW cells
We next investigated calcium ion uptake of CAMP factor-treated RAW cells. Fluorescence intensity of Fluo3, which is a calcium ion indicator, increased in RAW cells treated with rCAMP factor in a time-dependent manner (Fig. 2) . In contrast, in RAW cells pre-treated with EDTA, nifedipine or verapamil, fluorescence intensity did not differ significantly from that in control cells. These results suggest that calcium ion uptake in RAW cells via L-type voltage-dependent calcium ion channel is related to vacuolation induced by rCAMP factor. Vacuole induction by rCAMP factor in RAW cells is decreased by pre-treatment with phosphoinositide 3-kinase inhibitor
Next, we investigated the induction of vacuoles by rCAMP factor in the presence of various inhibitors related to calcium ions. As shown in Figure 3 , rCAMP factor induced significantly less vacuolation in RAW cells with added LY294002 or wortmannin (PI3K inhibitors) than in control cells without a PI3K inhibitor. In contrast, vacuolation in cells pre-treated with U73122 (phospholipase A2 and phospholipase C inhibitor), SH-5 (serine-threonine kinase inhibitor) or KN-93 (calcium ion/calmodulin-dependent protein kinase II inhibitor) did not differ markedly from that in control cells. These results indicate that PI3K is involved in the vacuolation induced by rCAMP factor in RAW cells.
Clathrin accumulates in vacuoles induced by rCAMP factor in RAW cells
We then examined the characteristics of the vacuoles induced by rCAMP factor in RAW cells. As shown in Figure 4 , the clathrin inhibitor Pitstop 2 inhibited vacuolation in RAW cells, whereas a negative control of Pitstop 2 failed to inhibit vacuolation. Moreover, clathrin localized in the vacuoles induced by rCAMP factor in RAW cells (Fig. 5) . In contrast, CAMP factor did not induce vacuolation in RAW cells pre-treated with LY294002 or wortmannin and localization of clathrin was almost the same as in control cells (Fig. 5) .
DISCUSSION
During infection, S. pyogenes first adhere to human epithelial cells and are then internalized into them (8, 18, 19) . The bacteria thus evade host innate immunity and proliferate in the tissues (4, 5, 20, 21) . In a previous study, we found that S. pyogenes CAMP factor induces vacuolation without killing the cells, which allows these bacteria to escape from the host immune system (17) . Moreover, almost all strains of S. pyogenes secrete CAMP factor, suggesting that employment of CAMP factor as an immune evading mechanism is universal in most S. pyogenes strains. It has also been reported that Clostridium perfringens epsilon toxin, which is a vacuolation toxin, induces calcium ion uptake in the cytosol (22) . Furthermore, hemolysis of horse erythrocytes is inhibited by chelating intracellular calcium ions. Our current results show that RAW cells treated with EDTA, a metal ion chelating agent, are resistant to vacuolation induced by rCAMP factor and that calcium ion uptake by RAW cells increases in response to treatment with rCAMP factor.
Calcium ion uptake by cells is related to voltagedependent calcium ion channels (23), receptor-operated calcium ion channels (24) or calcium ion release from the endoplasmic reticulum (25) following activation of PI3K (26), serine-threonine kinase (27) , phospholipase A2 and phospholipase C (24, 28) or calcium ion/ calmodulin-dependent protein kinase IIA (29) . We found that the vacuolation induced by rCAMP factor in RAW cells is inhibited by the PI3K inhibitors LY294002 and wortmannin. A previous study revealed that PI3K activates voltage-dependent calcium ion channel (26) . We therefore investigated the relationship between vacuolation induced by CAMP factor and voltage-dependent calcium ion channels and found that the L-type voltage-dependent calcium ion channel blockers nifedipine and verapamil inhibit vacuolation and calcium ion uptake in RAW cells. These results suggest that S. pyogenes CAMP factor promotes calcium ion uptake L-type voltage-dependent calcium ion channels, followed by activation of PI3K.
Most vacuoles in the cytosol are autophagic or endosomal. Autophagy is regulated by the PI3K signaling pathways (30) . Endosomes are classified according to whether they are caveolae-dependent, clathrin-dependent or clathrin-independent. Clathrindependent and -independent endosomes are associated with the PI3K signaling pathway (31, 32) . Caveolaedependent endosomes are primarily pH-dependent or cholesterol-dependent (33); however, some studies have found that they may also be associated with the PI3K signaling pathway (34) . We did not detect light chain 3, a marker of autophagy, in RAW cells treated with rCAMP factor (data not shown). In contrast, in the current study we found that clathrin localizes in the vacuoles induced by rCAMP factor in RAW cells.
In conclusion, our results suggest that vacuoles induced by CAMP factor are clathrin-dependent endosomes generated as a result of activation of the PI3K signaling pathway by calcium ion uptake. Therefore, we speculate that this mechanism of vacuolation induced by S. pyogenes CAMP factor allows S. pyogenes to escape from the immune system by producing macrophage dysfunction. Future investigations are needed to clarify the mechanism of cell membrane depolarization induced by CAMP factor.
